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a b s t r a c t
Trait development results from the collaboration of genes interconnected in hierarchical networks that
control which genes are activated during the progression of development. While networks are under-
stood to change over developmental time, the alterations that occur over evolutionary times are much
less clear. A multitude of transcription factors and a far greater number of linkages between transcription
factors and cis-regulatory elements (CREs) have been found to structure well-characterized networks, but
the best understood networks control traits that are deeply conserved. Fruit ﬂy abdominal pigmentation
may represent an optimal setting to study network evolution, as this trait diversiﬁed over short
evolutionary time spans. However, the current understanding of the underlying network includes a small
set of transcription factor genes. Here, we greatly expand this network through an RNAi-screen of 558
transcription factors. We identiﬁed 28 genes, including previously implicated abd-A, Abd-B, bab1, bab2,
dsx, exd, hth, and jing, as well as 20 novel factors with uncharacterized roles in pigmentation
development. These include genes which promote pigmentation, suppress pigmentation, and some that
have either male- or female-limited effects. We show that many of these transcription factors control the
reciprocal expression of two key pigmentation enzymes, whereas a subset controls the expression of key
factors in a female-speciﬁc circuit. We found the pupal Abd-A expression pattern was conserved between
species with divergent pigmentation, indicating diversity resulted from changes to other loci. Collec-
tively, these results reveal a greater complexity of the pigmentation network, presenting numerous
opportunities to map transcription factor-CRE interactions that structure trait development and
numerous candidate loci to investigate as potential targets of evolution.
& 2013 Elsevier Inc. All rights reserved.
Introduction
A major undertaking in evolutionary developmental biology is
to understand how gene regulatory networks that control trait
development change during evolution. Most physical traits
develop through coordinated programs of gene expression, orche-
strated by a network of linkages between transcription factors and
downstream target genes. Linkages between transcription factors
and target genes are encoded within cis-regulatory element (CRE)
sequences that determine when, where, and at what level a gene
is expressed during development (Arnone and Davidson, 1997).
The structure of regulatory networks, including the genes, CREs
and their transcription factor linkages are of great interest to the
ﬁeld of developmental biology as they embody the programs for
cell, tissue, and organ development (Davidson, 2006). Gene net-
works in extant organisms represent the product of a complex,
genome-wide evolutionary process. Although several individual
networks in a single species have been well-characterized (Bonn
and Furlong, 2008; Imai et al., 2009; Levine and Davidson, 2005;
Ochoa-Espinosa et al., 2005; Oliveri et al., 2008; Peter and
Davidson, 2011; Sandmann et al., 2007; Zeitlinger et al., 2007),
and several examples of macro-evolutionary changes to networks
have been explored (Hinman et al., 2007; Weatherbee et al., 1999;
Zinzen et al., 2006), a mechanistic understanding of the incipient
events of network evolution can be considered to be in its infancy.
To better understand these early events in network evolution, well
characterized gene networks are needed for traits that evolved
between closely-related species.
One well-suited model to study the incipient stages of regula-
tory network evolution is the cascade of transcription factors and
enzymes that generate abdominal pigmentation patterns among
fruit ﬂy species from the genus Drosophila (D.). These species
evolved extensive diversity in pigmentation since diverging from a
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common ancestor 50 million years ago (Wittkopp et al., 2003).
This diversity includes sexual dimorphism such as that exhibited
by D. melanogaster, where the dorsal cuticle tergites on the
posterior two (A5 and A6) abdominal segments are fully pigmen-
ted in males. Female tergite pigmentation, though, is typically
limited to a posterior stripe (Fig. 1A). Among related species, male
pigmentation can be limited to the A6 tergite (e.g. D. baimaii) or
spans the A4–A6 tergites (e.g. D. prostipennis). This range of
dimorphic patterns is thought to have evolved from a mono-
morphic ancestor that gave rise to extant species such as D.
willistoni (Fig. 1A) (Jeong et al., 2006). In distantly-related lineages,
male-speciﬁc pigmentation has seemingly evolved convergently
(e.g. D. funebris). As the genes encoding pigmentation enzymes
and most transcription factors are conserved between fruit ﬂy
species with sequenced genomes (Clark et al., 2007; Richards et al.,
2005), it seems that abdominal pigmentation diversity evolved
largely by changes in the structure of the pigmentation network,
causing differences in pigmentation enzyme expression.
In D. melanogaster, many of the genes encoding pigmentation
enzymes have been extensively characterized (True et al., 2005;
Wittkopp et al., 2003). In particular, yellow and tan are required for
the production of black pigments, and are expressed speciﬁcally in
the abdominal epidermal cells that underlie black cuticle, such as
male A5 and A6 segments (Jeong et al., 2008, 2006). In a pattern
reciprocal to yellow and tan, ebony is expressed in more anterior
A2–A4 segments in males and throughout the abdomen of females
to promote a yellow cuticle color (Fig. S1) (Rebeiz et al., 2009a;
Richardt et al., 2003). Some of the patterning mechanisms that
sculpt these reciprocal patterns of pigmentation are known.
A network of four transcription factors has been shown to
regulate the pigmentation gene battery directly or indirectly
(Fig. 1B). Activation of yellow, and presumably tan, in the A5 and
A6 segments requires direct regulation by the Hox protein
Abdominal-B (Abd-B) which interacts with CRE binding sites
(Jeong et al., 2008, 2006). The absence of comparable yellow
and tan expression in females is due to the Bric-à-brac 1 and 2
yellow tan












Fig. 1. Abdominal pigmentation pattern and gene network. (A) The dorsal abdomens of fruit ﬂies are covered by cuticle plates, called tergites that exhibit diverse patterns of
pigmentation. This includes the sexually monomorphic pattern of D. willistoni, and dimorphic patterns that evolved convergently between D. funebris and D. melanogaster.
The number of pigmented tergites differs for D. baimaii and D. prostipennis males, two species more closely-related to D. melanogaster. (B) Contemporary understanding of
the D. melanogaster abdominal pigmentation network. Direct regulatory interactions between transcription factors and target gene cis-regulatory elements are represented
as solid lines. Dashed lines indicate a regulatory relationship that has not been demonstrated to be direct. Regulatory interactions terminating with arrowheads and nail
heads respectively indicate activating and repressing regulatory inputs.
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(collectively referred to here as Bab) transcription factors (Couderc
et al., 2002; Kopp et al., 2000). Female Bab expression in the
posterior abdomen is directed by a CRE that is directly activated by
Abd-B and the female isoform of the Doublesex (Dsx) transcription
factor (DsxF). Bab expression is lacking in males due to the male
isoform of Dsx (DsxM) that acts as a direct repressor (Williams
et al., 2008). Mechanisms mediating the restriction of ebony from
pigmented portions of the male cuticle are currently unknown.
Previous genetic studies have identiﬁed a handful of additional
D. melanogaster transcription factor genes that govern abdomen
pigmentation in some manner, including abd-A, exd, hth, and jing
(Culi et al., 2006; González-Crespo and Morata, 1995; Rauskolb
et al., 1995; Ryoo et al., 1999; Sanchez-Herrero et al., 1985).
However, it is not yet known how these genes interact with
downstream pigmentation network target genes. Hence, the con-
temporary model of pigmentation network structure remains a
work in progress (Fig. 1B). In this model, the Bab proteins serve as
a key node for a female-speciﬁc circuit that suppresses pigmenta-
tion. Male-speciﬁc gene expression and pigmentation appear to be
the ground state promoted by Abd-B. While Bab and Abd-B are
necessary for male-speciﬁc pigmentation, these factors certainly
are not sufﬁcient but depend on contributions from other tran-
scription factors. Moreover, the full pigmentation pattern of the
abdomen includes posterior tergite stripes, tergite midline spots,
and a degree of pigmentation on the female A6 tergite. Hence, to
understand the production of this composite trait and to address
how this trait has evolved, it is essential to know the other
relevant transcription factor genes and to elucidate how they
interact with target gene CREs.
The expression of genes can be substantially reduced through
the expression of RNA inhibitory (RNAi) molecules in trans (Fire
et al., 1998). In D. melanogaster, genome-wide RNAi screens have
emerged as an effective approach to identify novel genes involved
in developmental processes, as inducible RNAi transgenes exist for
a high percentage of this species' genes (Dietzl et al., 2007;
Mummery-Widmer et al., 2009). Using an RNAi-based screen, we
demonstrate that the gene network underlying dimorphic abdom-
inal pigmentation includes a cohort of at least 28 transcription
factor genes. This includes transcription factors with known roles
in body plan development and sex-determination, and many novel
factors that include a cohort that participate in chromatin-
remodeling complexes. We show that many of these factors
regulate the reciprocal expression patterns of ebony and tan. Some
factors operate upstream of Bab, and some that operate in a male-
speciﬁc circuit. Collectively these transcription factor genes pro-
vide numerous opportunities to further resolve the regulatory
architecture of the pigmentation network and candidate loci for
nodes of incipient evolutionary change.
Material and methods
RNAi screen
RNAi screen ﬂy stocks were maintained at 21 1C. Of the 749
predicted transcription factors in the D. melanogaster genome
(Pfreundt et al., 2010) we obtained primary RNAi lines that
collectively target 558 unique transcription factor genes (Fig. 2
and Table S1), and an additional 16 lines that were secondary lines
for genes where primary lines resulted in a conspicuous pheno-
type (Fig. S2 and Table S2). The bab1 RNAi and bab2 RNAi lines
presented in this studied were obtained from the Vienna Droso-
phila RNAi Center (transformant ID #6960 and #49042 respec-
tively) (Dietzl et al., 2007). All other RNAi stocks were generated
by the Transgenic RNAi Project at Harvard Medical School, where
each transgene evaluated was inserted into the attP2 transgene
landing site on chromosome 3 (Groth et al., 2004). Gene targeting
occurs through the GAL4/UAS-mediated expression of an RNAi
hairpin, where RNAi hairpins were designed to suppress the
expression of a single gene. The absence of off target effects and
the effectiveness of RNAi transgenes in inducing gene-speciﬁc
loss-of-function phenotypes was shown for a cohort of develop-
mental genes (Ni et al., 2008). Stocks derived from the VALIUM1
and VALIUM10 vectors include long double-stranded hairpins (Ni
et al., 2008, 2009), whereas those from the VALIUM20, VALIUM21,
and VALIUM22 vectors use short hairpin microRNA technology
that are designed to have no off target effects (Haley et al., 2010,
2008; Ni et al., 2011). For each UAS-RNAi line stock, males were
Fig. 2. An RNAi-based screen to identify transcription factor genes regulating abdominal pigmentation. (A) Green ﬂuorescent protein expression driven in the dorsal
abdomen midline pattern of the pnr gene for a pupa of genotype UAS-GFP;pnr-GAL4. (B) Crossing of male ﬂies with an inhibitory RNA transgene for a transcription factor gene
under regulation of UAS binding sites (UAS-TF-RNAi) to female ﬂies possessing the pnr-GAL4 chromosome results in F1 progeny with the inhibitory RNA transgene expressed
in the pnr domain. Phenotypic outcomes for F1 progeny include those with reduced pigmentation (Class I), ectopic pigmentation (Class II), and a wild type dimorphic pattern
(Class III). (C) Representative Class III adult abdomens. (D) Summary for the phenotypic screening of inhibitory RNA transgenes targeting 558 unique transcription
factor genes.
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crossed to virgin female ﬂies with the genotype pnr-GAL4/TM3,
Ser1 (Bloomington Drosophila Stock Center #3039) (Fig. 2B). Cross
progeny receiving the pnr-GAL4 chromosome and the UAS-RNAi
transgene bearing chromosome express the RNAi hairpin in the
dorsal-medial thorax and abdomen throughout development
(Calleja et al., 2000), including the pupal dorsal abdominal
epidermis. RNAi hairpin expression is not induced in cross progeny
receiving the TM3, Ser1 and UAS-RNAi chromosomes. These control
individuals were identiﬁed by a serrated phenotype in the anterior
distal wing. For each cross, four or more males and four or more
females (both RNAi hairpin expressing and non-expressing) were
phenotypically analyzed. Classiﬁcations for encoded DNA-binding
domains and molecular functions were obtained from the InterPro
(Hunter et al., 2012) and FlyBase (Marygold et al., 2013) resources.
RNAi effects on reporter transgene expression
Flies of genotype CRE-Enhanced Green Fluorescent Protein
(EGFP); pnr-GAL4/TM6b were crossed to certain UAS-RNAi lines,
resulting in progeny of genotype CRE-EGFP/þ; pnr-GAL4/UAS-RNAi.
The CREs evaluated were the bab locus dimorphic element
(Williams et al., 2008), the tan gene t_MSE (Jeong et al., 2008)
and the full ebony gene regulatory region. This ebony region
contains abdominal activating element, male-speciﬁc repression
element, and a silencer element that represses transcription at the
posterior edge of tergites (“stripe repression element”) (Rebeiz
et al., 2009a). The tan and ebony reporter transgenes were inserted
at the 51D attP docking site (Bischof et al., 2007) and the
dimorphic element was inserted into the attP40 site (Markstein
et al., 2008). For progeny possessing the dimorphic element and
t_MSE bearing transgenes, EGFP expression was evaluated by
confocal microscopy at 85 and 95 h after puparium formation
(hAPF) respectively (Rogers and Williams, 2011). EGFP expression
was assessed in progeny bearing the ebony reporter transgene
within the ﬁrst 6 h following eclosion.
Immunohistochemistry
Pupal abdomens were dissected at 85–90 hAPF to isolate the
dorsal epidermis. Wild type species stocks for Drosophila melano-
gaster (14021-0231.04), Drosophila baimaii (14028-0481.01), and
Drosophila willistoni (14030-0811.24), were obtained from the San
Diego Drosophila Stock Center, and the Drosophila funebris stock
was obtained from the lab of Sean B. Carroll. These species stocks
were grown at 25 1C. Drosophila melanogaster parental stocks of
genotypes UAS-abd-A RNAi (Flybase ID #28739) and pnr-GAL4/
TM3, Ser1 (Bloomington Drosophila Stock Center #3039) were
crossed to obtain pupae of genotype UAS-abd-A RNAi/pnr-GAL4,
in order to test for RNAi-mediated suppression of Abd-A along the
dorsal-medial abdominal epidermis and the effects of Abd-A
suppression on Bab1 and Bab2 expression. Following dissection,
samples were ﬁxed for 35 min in PBST (phosphate buffered saline
with 0.1% Triton X-100) supplemented with 4% paraformaldehyde,
and then blocked for 1 h at room temperature in blocking buffer
(PBST supplemented with 1% Bovine Serum Albumin). Samples
were then incubated overnight with guinea pig anti-Abd-A
(Li-Kroeger et al., 2008) at a 1:500 dilution in PBST. Following
four washes in PBST and a one hour incubation in blocking buffer,
specimens were incubated with a 1:500 dilution in PBST of goat
anti-guinea pig Alexa Fluor 647 secondary antibody (Invitrogen).
Immunohistochemistry for Bab1 and Bab2 was done as described
previously (Rogers et al., 2013). Samples were then incubated for
10 min in a 1:1 solution of Glycerol Mount (80% glycerol, 0.1 M Tris
pH 8.0) and PBST, and then transferred in to Glycerol Mount.
Samples were then mounted between a glass cover slip and slide
for imaging.
Microscopy
Bright ﬁeld images of the abdomen pigmentation phenotypes
were taken using a zoom stereomicroscope (Olympus SZX-16)
outﬁtted with a digital camera (Olympus DP72). EGFP reporter
expression and immunohistochemistry analysis of Bab expression
was recorded using a confocal microscope (Olympus FV1000)
by previously described methods (Rogers and Williams, 2011).
Confocal projection images were similarly processed using Adobe
Photoshop for inclusion in ﬁgures. Figures include a representative
image from replicate specimens (nZ3).
Results
An RNAi screen to identify fruit ﬂy abdomen pigmentation network
transcription factors
In order to identify transcription factors involved in the abdo-
men pigmentation network, we performed a genetic screen using
the GAL4/UAS system to individually express RNAi hairpins that
initiate the post-transcriptional silencing of target transcription
factor genes (Fig. 2). We obtained RNAi lines for 558 of 749 genes
in the D. melanogaster genome that are known or suspected to
encode site-speciﬁc transcription factors (Adryan and Teichmann,
2006; Pfreundt et al., 2010), or 74.5% of the transcription factor
genes. These RNAi transgenes were integrated into a single
genome landing site, which minimizes position-effects on trans-
gene performance and their expression can be induced using the
GAL4/UAS system (Brand and Perrimon, 1993; Markstein et al.,
2008). We used a GAL4 gene insertion into the pannier (pnr) locus
as a tissue-speciﬁc driver of RNAi expression (Heitzler et al., 1996).
This chromosome results in GAL4 expression in dorsal-medial
tissues, including the abdomen (Fig. 2A; activation of a UAS-EGFP
transgene in the pnr domain) and thorax epidermis. We antici-
pated the occurrence of three general classes of phenotypic out-
comes following the induction of an RNAi hairpin in the pnr
expression domain (Fig. 2B). These were: Class I, where pigmenta-
tion is reduced; Class II, where pigmentation occurs ectopically;
and Class III, where pigmentation appears wild type (Fig. 2C).
Summarizing our results (Fig. 2D), we found that 2.0%
(n¼15) and 1.7% (n¼13) of the transcription factor genes had
reduced or ectopic tergite pigmentation, respectively. We also
identiﬁed 15 transcription factor genes that had other noteworthy
phenotypic effects on dorsal-medial structures, which we refer to
as Class IV. 524 of the RNAi transgenes had no observable effects in
this assay, so called Class III outcomes, indicating that the target
genes likely do not function in the development of abdominal
pigmentation. Of the remaining 6 genes tested, the RNAi line
caused lethality following induction. The details for this screen can
be found in Table S1.
RNAi-hairpins were designed to have little to no off target
effects and previously shown to be efﬁcacious in suppressing
target gene function in vivo (Ni et al., 2008). However, for any
observed phenotype from an RNAi screen, it is possible that off-
target interactions are fully or partially responsible. We reasoned
that speciﬁc interactions would be supported if similar pigmenta-
tion phenotypes occurred when using a second independent RNAi
line designed to target a distinct region of the same gene. Of the
genes whose primary RNAi line resulted in a conspicuous pig-
mentation phenotype, we obtained secondary lines for 16 (Fig. S2).
For 11 of these secondary lines, their phenotypes were strikingly
similar to that generated by the primary line (Fig. S2: abd-A, abd-B,
da, dalao, dsx, exd, grh, hth, jing, Mi-2, and Su(var)2–10), whereas
four resulted in a similar but more modest phenotype (Fig. S2:
CG10348, Mad, MBD-like, and osa). For one secondary line, which
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targeted pdm3, its dorsal-medial expression resulted in a recipro-
cal effect (Fig. S2, compare O and O′). Here pigmentation was
reduced in males rather than females, whereas the primary line
caused a gain in female midline pigmentation.
To conﬁrm the efﬁcacy of RNAi knockdown, we monitored Abd-A
protein expression in animals driving abd-A RNAi in the pannier
domain. This resulted in reduced but detectable levels of protein in
the dorsal-medial domain where the RNAi transgene was expressed
(Fig. 3B, compare intensity of medial and lateral expression). Collec-
tively, this RNAi-screen implicated 28 transcription factors as being
part of the D. melanogaster abdomen pigmentation network. This
included the genes abd-A, Abd-B, bab1, bab2, dsx, exd, hth and jing for
which previous studies revealed a role in abdomen pigmentation,
and many novel factors that had little to no prior characterized role
in this trait's development.
Transcription factor genes whose suppression results in reduced
tergite pigmentation (Class I)
What we refer to here as a Class I phenotype was one possible
outcome anticipated following RNAi suppression of a transcription
factor involved in the abdomen pigmentation network. Reduced
pigmentation compared to wild type specimens would imply that
the target locus normally functions to promote tergite pigmentation.
As a positive control, we evaluated the Hox gene Abd-B that regulates
the expression of three pigmentation network genes: yellow, bab1,
and bab2 (Jeong et al., 2006; Williams et al., 2008). RNAi suppression
of Abd-B reduced pigmentation of the anterior male A5 tergite
(Fig. 4A). The otherwise wild type pigmentation of the male and
female A5 and A6 tergites suggests two things. One, that the RNAi-
targeting does not result in a complete loss in Abd-B expression, since
this phenotype is more subtle than that reported for Abd-B null
males (Kopp et al., 2000). Second, that the anterior A5 segment is
more sensitive to Abd-B reduction, which is consistent with the lower
level of expression that occurs in this region compared to more
posterior regions (Kopp and Duncan, 2002).
Reduced pigmentation was observed following RNAi-mediated
targeting of fourteen additional transcription factors (Fig. 4).
Phenotypes ranged from a subtle Abd-B-like reduction in the
anterior male A5 tergite (Fig. 4B; jing) and a loss on the female
A6 tergite pigmentation (Fig. 4C, vvl), to very severe reductions in
male tergite pigmentation (Fig. 4D–G; respectively abd-A, Gug, osa,
and sbb). Though less conspicuous, female tergite pigmentation
was also reduced for abd-A, Gug, osa, and sbb. Suppression of
several transcription factor genes resulted in tergite pigmentation
reductions that appeared female-limited. These included the A6
tergite for vvl, unpg, Sox102F, scrt, and Su(var)2–10 (Fig. 4C, and
H–K). Pigmentation dots along the female tergite midline were
reduced following the suppression of Mad (Fig. 4L). For da,
CG10348, and Hr4, their suppression resulted in reductions in
tergite pigmentation irrespective of gender (Fig. 4M–O). Collec-
tively, these results reveal that the development of the variety of
abdomen pigmentation pattern elements requires the activity of
numerous transcription factor genes that promote melanic pig-
ment formation. Some of these transcription factors have activity
limited to one sex, and some whose activity affects both sexes.
Transcription factor genes whose suppression results in ectopic tergite
pigmentation (Class II)
Ectopic tergite pigmentation, referred to here as a Class II
phenotype, was a second outcome anticipated for RNAi knock-
down of transcription factors that are part of the abdomen
pigmentation network. This outcome would implicate that the
target locus normally functions to suppress tergite pigmentation.
Such a role has been already characterized for bab1, bab2, dsx, exd,
and hth (Baker and Ridge, 1980; Couderc et al., 2002; Culi et al.,
2006; Kopp et al., 2000; Ryoo et al., 1999). We used these genes as
controls to test the efﬁcacy of this RNAi screen to identify other
Class II transcription factors. While targeting dsx resulted in
ectopic pigmentation for the female A6 tergite (Fig. 5C), to our
surprise neither bab1 nor bab2 targeting resulted in ectopic
pigmentation (Supplementary Table S1, RNAi lines were from
the TRiP collection), in spite of these genes' established role in
suppressing female tergite pigmentation. We obtained indepen-
dently derived transgenic RNAi lines for bab1 and bab2 (Dietzl
Fig. 3. Abd-A expression is suppressed by an inhibitory RNA transgene. (A and B) Immunohistochemical analysis of Abd-A expression in the D. melanogaster dorsal pupal
abdominal epidermis. Specimens were prepared at 85 h after puparium formation. Note the absence of expression in the A1 segment. Arrowheads indicate the reduced
dorsal-medial expression of Abd-A in a specimen expressing an RNAi transgene that targets abd-A.
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et al., 2007) and found that their dorsal-medial expression
resulted in ectopic pigmentation on the female A6 tergite for
bab1 and the A6 and A5 tergite for bab2 (Fig. 5A and B), closely
matching the described null phenotypes of bab1 and bab2
(Couderc et al., 2002; Kopp et al., 2000). Suppression of both exd
and hth resulted in ectopic pigmentation in the anterior A4 and A3
tergites of males but not females (Fig. 5J and K), though a mild
increase in pigmentation was seen on the female A6 tergite.
We found eight, seemingly novel, transcription factor genes
whose suppression resulted in ectopic abdomen pigmentation.
These included crol, lmd, MBD-like, and pdm3 for which subtle
expansions in the dorsal-medial tergite pigmentation were
observed (Fig. 5D–G), and grh whose suppression resulted in a
more diffuse pigmentation accompanied by tergite defects
(Fig. 5I). Suppression of Mi-2 resulted in ectopic pigmentation on
the A4 tergite of males and the A5 and A6 tergites of females
(Fig. 5H), indicating that this transcription factor similarly reg-
ulates pigmentation in both sexes, although in different spatial
domains. Lastly, targeting vﬂ and Eip74EF resulted in ectopic
pigmentation limited to the female A6 tergite (Fig. 5L and M).
Collectively, these results reveal that the development of the
various abdomen pigmentation pattern elements requires the
activity of multiple transcription factor genes that act in a
repressive manner. Among these, the regulatory activity for some
is limited to one sex, whereas others have activity in both sexes.
Transcription factor genes whose suppression causes other
conspicuous phenotypes (Class IV)
Besides reductions and gains in abdomen pigmentation, RNAi-
mediated suppression of some transcription factor genes yielded
other conspicuous phenotypes, which we categorized as Class IV.
Fig. 4. Transcription factor genes whose RNAi-mediated suppression results in reduced abdominal tergite pigmentation. (A–O) Pigmentation is reduced in progeny
expressing an inhibitory RNA transgene that targets a speciﬁc transcription factor gene. Each specimen is of genotype pnr-GAL4/UAS-TF-RNAi. Arrowheads point to tergite
regions where pigmentation is notably reduced.
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RNAi targeting of Ssrp, dalao, pnr, MBD-R2, pita, and tai each
altered pigmentation along the tergite midline (Fig. 6A–F). How-
ever, these outcomes were accompanied by split-tergite pheno-
types, making it likely that the pigmentation defects were
secondary to a failure in tergite development. Tergite microchae-
tae failed to develop following the suppression of the gene tgo, tx,
and CG9797 (Fig. 6G–I). Following RNAi suppression of nej (Fig. 6J)
and lmd (Fig. 6L), ectopic pigmentation occurred on the thoracic
scutum and scutellum and the scutellum, respectively. Suppres-
sion of tap also resulted in a mild darkening of the scutum
(Fig. 6M). Suppression of mxc and svp led to abnormal develop-
ment of macrochaetae on the scutellum (Fig. 6K and O), while lmd
and Su(var)2–10 suppression resulted in clefts forming along the
dorsal-medial thorax (Fig. 6L and N). Interestingly, a previous
RNAi-screen for thorax phenotypes evaluated nej, mxc, lmd, tap, Su
(var)2–10, and svp, though an abnormal phenotype was reported
for just mxc and lmd (Mummery-Widmer et al., 2009). Thus, this
screen reveals several genes with a role in adult thorax develop-
ment and illustrates the utility of evaluating multiple RNAi lines
for the same genes where possible.
Genetic Interactions between transcription factors and pigmentation
network CREs
With 28 pigmentation network transcription factor genes known,
it is necessary to determine the direct target gene CREs that the
encoded proteins interact with. As a ﬁrst step, we sought to
determine whether some of these transcription factors geneti-
cally interact with CREs for the tan and ebony genes that play
opposing roles in pigmentation metabolism and that direct reciprocal
Fig. 5. Transcription factor genes whose RNAi-mediated suppression results in ectopic abdominal tergite pigmentation. (A–M) Pigmentation occurs ectopically in progeny
expressing an inhibitory RNA transgene that targets a speciﬁc transcription factor gene. (A and B) The production and genomic placement of these inhibitory RNA transgenes
differ from all others used in this study. (C–M) Specimens are of genotype pnr-GAL4/UAS-TF-RNAi. Arrowheads point to tergite regions with noteworthy ectopic pigmentation.
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expression patterns (Fig. S1). We selected eight transcription factors
for which RNAi targeting resulted in relatively dramatic alterations in
pigmentation. In a wild type genetic background the ebony CRE
region drives EGFP reporter gene expression in epidermis cells of
pharate adults underlying tergite regions that will lack black pig-
mentation. This pattern of EGFP expression includes the anterior
regions of segments, except for the male A5 and A6 segment where
the regulatory region remains inactive (Fig. 7A and A′). Reciprocally, a
CRE for the tan gene drives reporter gene expression in the A5 and
A6 segments of male pupae, where the overlying tergites will
become completely black in adults (Fig. 7B and B′). The activity of
these CREs were evaluated for qualitative differences when in genetic
backgrounds (CRE-EGFP; pnr-GAL4/UAS-RNAi transgene) for which
the expression of a Class I (Fig. 7) or Class II (Fig. 8) transcription
factor was suppressed along the dorsal midline. We found that ebony
CRE activity was upregulated in the male A5 and A6 segments in
backgrounds with reduced expression for either abd-A, sbb, Gug, osa,
and CG10348 (Fig. 7D, G, J, M, and P). CRE activity was also
upregulated in the posterior regions of the female A6 segment
(Fig. 7D′, G′, J′, M′, and P′). These gains in ebony CRE activity
correspond with the reductions in pigmentation observed in the
abdomens following RNAi-mediated suppression (Fig. 4). Next we
tested the effects that RNAi for the Class II genes hth, exd, and Mi-2
had on ebony CRE activity. Consistent with the Class II mutants
exhibiting ectopic pigmentation, ebony CRE activity was reduced in
the anterior regions of the male A3 and A4 segments (Fig. 8D, G, and
J) and the female A5 and A6 segments (Fig. 8D′, G′, and J′).
We next tested whether the same Class I and Class II transcrip-
tion factors regulate the male-speciﬁc expression of tan. For the
Class I genes abd-A, sbb, Gug, osa, and CG10348, expression in the
dorsal midline of the A5 and A6 segments was reduced following
RNAi (Fig. 7E, H, K, N, and Q). Conversely, for the Class II genes hth,
exd and Mi-2, ectopic expression occurred in the dorsal midline
following RNAi (Fig. 8E, H, and K). A more moderate level of
ectopic expression was also observed in the A5 and A6 segments of
females (Fig. 8E′, H′, and K′).
For each of the pigmentation network transcription factor
genes evaluated here, our results demonstrate that they act
upstream of tan and ebony, though with reciprocal regulatory
effects. We next sought to determine whether these transcription
factor genes acted upstream of bab, whose expression and func-
tion are needed for this sexually dimorphic trait.
Genetic Interactions between pigmentation network transcription
factors and bab
The dimorphic element directs the expression of the pigmentation-
suppressing Bab transcription factors in the female A5 and A6
Fig. 6. Transcription factor genes whose RNAi-mediated suppression results in conspicuous mutant phenotypes. (A–F) Split tergite phenotypes with associated pigmentation
defects occur in progeny expressing an inhibitory RNA transgene that targets a speciﬁc transcription factor gene. (G–I) Tergite bristles fail to grow following suppression of
tgo, tx, and CG9797 expression. (J–O) Mutant notum phenotypes. (A–J) Specimens are of genotype pnr-GAL4/UAS-TF-IR. Arrowheads point to regions with noteworthy
phenotypes. Dashed boxes enclose bristle phenotypes along the abdomen midline.
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segments. While this CRE is directly regulated by Abd-B and Dsx, we
sought to determine whether any other Class I and Class II transcrip-
tion factors inﬂuence this CRE's activity. RNAi-mediated suppression of
abd-A, sbb, Gug, osa, and sbb resulted in reduced tergite pigmentation
on the male A5 and A6 tergites. One possible explanation for these
phenotypes would be through the secondary up-regulation of Bab
expression. However, we observed no noteworthy increase in
dimorphic element regulatory activity in males with genetic back-
grounds where these Class I factors' expression was suppressed
(Fig. 7F, I, L, O, and R). In females, a reduction of reporter gene
expression was observed when abd-A, osa, and CG10348 were
suppressed (Fig. 7F′, O′, and R′). For the Class II transcription factor
genes exd, hth, and Mi-2, the only observed alteration to dimorphic
element regulatory activity was a reduction in females following the
suppression of hth (Fig. 8F′) The reduced activity in the medial region
of the female A6 segment corresponds with the location where
pigmentation develops in adult females following hth suppression
(Fig. 5K).
Though dimorphic element activity in males was not altered, it
remained possible that Bab expression might be upregulated in
males through another mechanism, such as the activity of another
CRE. We tested this possibility for abd-A by driving the expression
of an inhibitory RNAi transgene in the dorsal-medial abdomen.
However, Bab1 and Bab2 expression remained off in the male
A5 and A6 segment epidermis where abd-A suppression occurred
(Fig. S3). Collectively, these results demonstrate that abd-A regulates
male pigmentation in a Bab-independent manner, and suggests that
the same might be true for the other Class I and Class II genes
evaluated here. Moreover, the results indicate that abd-A, osa,
CG10348, and hth are positive regulators of the dimorphic element.
Fig. 7. Genetic interaction between Class I transcription factors and pigmentation network cis-regulatory elements. CRE driven expression patterns for a GFP reporter
transgene in genetic backgrounds where the expression of Class I transcription factor genes were suppressed by dorsal-medial expression of an RNAi transgene. Expressions
in (A–R) male and (A′–R′) female specimens. The ebony X,Y,Z, tan t_MSE, and bab dimorphic element CREs were respectively assessed in pharate adults, pupa at 95 h after
puparium formation, and pupa at 85 h after puparium formation. Arrowheads indicate regions where transgene expression was reduced or gained.
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Fig. 8. Genetic interaction between Class II transcription factors and pigmentation network cis-regulatory elements. CRE driven expression patterns for a GFP reporter
transgene in genetic backgrounds where the expression of Class II transcription factor genes were suppressed by dorsal-medial expression of an RNAi transgene. Expressions
in (A–L) male and (A′–L′) female specimens. The ebony X,Y,Z, tan t_MSE, and bab dimorphic element CREs were respectively assessed in pharate adults, pupa at 95 h after
puparium formation, and pupa at 85 h after puparium formation. Arrowheads indicate dorsal-medial regions where expression was reduced or gained.
Fig. 9. Abd-A expression is conserved between species with diverse abdominal pigmentation phenotypes. (A–C) Immunohistochemical analysis of Abd-A expression in the
dorsal pupal abdominal epidermis. Specimens were prepared at a developmental stage equivalent to 85 h after puparium formation for D. melanogaster. Note the absence of
Abd-A expression in the A1 segment for all species and the conservation of expression is segments A2–A6.
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Abdominal pigmentation diversiﬁed while Abd-A expression has
remained conserved
Alterations to the expression patterns of regulatory genes has
been linked to meso-evolutionary changes in fruit ﬂy (Arnoult
et al., 2013; Werner et al., 2010) and butterﬂy pigmentation
patterns (Keys et al., 1999; Martin et al., 2012; Oliver et al., 2012;
Reed et al., 2011). At the macroevolutionary scale of comparison,
axial shifts in Abd-A and Ubx expression correlate with the
diversiﬁcation appendage morphologies of crustaceans (Averof
and Patel, 1997). We suspected that shifts in Abd-A expression
during the late stages of pupal development might underlie the
differences in the number of pigmented male tergites seen
between species closely-related to D. melanogaster (e.g. D. baimaii),
species lacking male-speciﬁc pigmentation (eg. D. willistoni), and
species where male-speciﬁc pigmentation evolved convergently
(eg. D. funebris) (Fig. 1A). Thus, we evaluated the expression of
Abd-A at equivalent late pupal stages when pigmentation patterns
are speciﬁed. For each species, Abd-A expression was observed in
segments A2–A7 (Figs. 3A, and 9A–C). This pattern of expression
recapitulates that which occurs at an earlier stage of pupal
development for D. melanogaster (Kopp and Duncan, 2002), and
which occurs between distantly related insect species (Angelini
et al., 2005; Peterson et al., 1999; Shippy et al., 1998). It remains to
be determined whether or not a similar degree of expression
conservation exists for the other newly identiﬁed pigmentation
network transcription factors.
Discussion
Here, we show that the network of genes regulating D.
melanogaster tergite pigmentation is more numerous and complex
than previously appreciated. This cohort includes 15 and 13 genes
whose functions are required to promote and suppress pigmenta-
tion respectively (Tables 1 and 2). These include major regulators
of body plan development (abd-A, Abd-B, exd, and hth), regulators
of sexual dimorphism (bab1, bab2, and dsx), and several genes not
previously implicated with pigmentation. hth and exd had effects
mostly limited to the more anterior tergites of males, providing
evidence that the pigmentation network has connections that
control the extent of male-speciﬁc pigmentation that comple-
ments the female-speciﬁc circuit governed by the Bab transcrip-
tion factors. Many of these transcription factor genes function as
upstream regulators of two reciprocally expressed pigmentation
genes. Whereas a smaller subset function upstream of the CRE
controlling female-speciﬁc Bab expression. Collectively, these
results provide numerous opportunities to identify regulatory
linkages between network transcription factors and target genes
CREs, and candidate genes to explore for roles in phenotypic
diversity.
The regulatory complexity for the tergite pigmentation network
One common theme for trait development is the utilization of a
large number of genes that are interconnected at the level of gene
expression regulation (Davidson, 2006; Levine and Davidson,
2005). For example, the D. melanogaster segmentation, dorsal-
ventral patterning, and mesoderm development regulatory net-
works include some 30 to over 50 genes (Bonn and Furlong, 2008).
Most of these network genes encode transcription factors that
interact with an even greater number of CREs. This complexity in
transcription factor content and regulatory wiring seems logical, as
embryonic development involves coordination of cell prolifera-
tion, death, determination, and differentiation events. We were
curious whether abdominal tergite pigmentation, a late develop-
ing secondary sex-trait, was encoded by a network of comparable
regulatory complexity.
abd-A, Abd-B, bab1, bab2, dsx, exd, hth, and jing function broadly
in abdomen development, including tergite pigmentation (Culi
et al., 2006; González-Crespo and Morata, 1995; Rauskolb et al.,
1995; Ryoo et al., 1999; Sanchez-Herrero et al., 1985). These 8 genes
represent an important subset of network transcription factor
genes. In this study, a survey of 75% of the transcription factor
genes encoded in the genome revealed that this network likely
includes at least 20 additional genes. Speciﬁcally, losses in tergite
pigmentation occurred when the expression was reduced for 15
genes (Table 1). Reduced expression for 13 genes resulted in
ectopic patterns of tergite pigmentation (Table 2). These 28
transcription factor genes collectively encode proteins with
diverse DNA-binding domains. Many of these genes, such as abd-
A, Gug, osa, sbb, and Mi-2, had mutant phenotypes that were of
equal or greater magnitude than those for the well recognized
network gene Abd-B, bab1, and bab2 (Figs. 4 and 5) (Couderc et al.,
2002; Kopp et al., 2000).
The total number of tergite pigmentation transcription factor
genes can be expected to grow larger than 28 for three reasons.
Table 1
Class I transcription factor DNA binding domains and Gene ontology terms.
Name (Synonym) DNA-binding domain (InterPro #) Gene ontology terms
abd-A Homeodomain (IPR001356) Sequence-speciﬁc DNA binding transcription factor activity
Abd-B Homeodomain (IPR001356) Sequence-speciﬁc DNA binding transcription factor activity
CG10348 Zinc ﬁnger, C2H2 (IPR007087) Nucleic acid binding
da Myc-type, basic helix-loop-helix domain (IPR011598) Sequence-speciﬁc DNA binding transcription factor activity
Gug (Atro) SANT domain (IPR017884) DNA binding/transcription corepressor activity
Hr4 (DHR4) Zinc ﬁnger, nuclear hormone receptor-type
(IPR001628)
Ligand-activated sequence-speciﬁc DNA binding RNA polymerase II transcription factor
activity
jing Zinc ﬁnger, C2H2 (IPR007087) Sequence-speciﬁc DNA binding transcription factor activity/ESC/E(Z) complex
Mad MAD homology, MH1 (IPR013019) transcription factor complex/transforming growth factor beta receptor signaling pathway
osa (eld) ARID/BRIGHT DNA-binding domain (IPR001606) DNA binding/brahma complex
sbb (mtv) Zinc ﬁnger, C2H2 (IPR007087) Sequence-speciﬁc DNA binding transcription factor activity/transcription corepressor
activity
scrt Zinc ﬁnger, C2H2 (IPR007087) Sequence-speciﬁc DNA binding transcription factor activity
Sox102F High mobility group box domain (IPR009071) Sequence-speciﬁc DNA binding transcription factor activity
Su(var)2–10
(dPIAS)
Zinc ﬁnger, MIZ-type (IPR004181) DNA binding/chromosome condensation
unpg (unp, upg) Homeodomain (IPR001356) Sequence-speciﬁc DNA binding transcription factor activity
vvl (zld) Zinc ﬁnger, C2H2 (IPR007087) Transcription regulatory region sequence-speciﬁc DNA binding
DNA-binding domains were obtained from the InterPro: protein sequence analysis and classiﬁcation resource. Gene Ontology terms were selected from FlyBase gene reports.
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One, 25% of D. melanogaster transcription factor genes were not
evaluated in this study due to the absence of readily available RNAi
lines. Two, the absence of pigmentation phenotypes for bab1 and
bab2 using TRiP collection RNAi lines demonstrates how false-
negative outcomes are likely to have occurred for some of the 524
genes for which pigmentation developed normally. Third, the
result with Abd-A demonstrates how many genes may display
only a partial knockdown in expression, which may be phenoty-
pically silent. Irrespective of how many more genes are added, the
current network hierarchy that includes 28 transcription factor
genes suggests that the patterning and formation of tergite
pigmentation relies on a complexity comparable to that of net-
works controlling earlier developmental events.
A role for chromatin remodeling in pigmentation development
In addition to spatial- and sex-speciﬁc transcription factor
inputs, gene expression depends on the chromatin state at the
promoters and CREs for network genes. Consistently, many of the
transcription factor genes identiﬁed in this screen encode compo-
nents of chromatin modifying complexes or transcription factors
known to interact with these complexes. Ssrp (Structure speciﬁc
recognition protein) encodes a protein with an HMG box DNA
binding domain and functions in the FACT complex that interacts
with nucleosomes where it can remove H2A-H2B histone dimers
(Winkler and Luger, 2011). The FACT complex was shown to
regulate the expression of Hox genes, including Abd-B
(Shimojima et al., 2003). Strong genetic differentiation between
tropical and temperate populations of D. melanogaster was found
at Ssrp, suggesting this locus might have been a target for
environmental adaptation (Levine and Begun, 2008).
SWI/SNF complexes function to remodel nucleosomes, which
can favor DNA binding by transcription factors. Two complexes
exist in Drosophila, BAP and PBAP that have common (such as
Brahma) and unique protein components (Mohrmann et al., 2004).
We found that RNAi suppression of the osa and dalao genes
resulted in tergite defects that included pigmentation. These genes
encode the Osa and Dalao (BAP111) proteins, the former of which
is speciﬁc to the BAP complex and the latter occurring in both
complexes. Though these two proteins bind to DNA, binding was
non-speciﬁc in vitro (Collins et al., 1999; Papoulas et al., 2001). In
contrast, in vivo studies showed that osa (Brumby et al., 2002;
Terriente-Félix and de Celis, 2009; Treisman et al., 1997; Vázquez
et al., 1999) and more generally the SWI/SNF complex has speciﬁc
targets of regulation (Holstege et al., 1998). It remains uncertain to
what extent factors like Osa and Dalao contribute to target gene
discrimination, perhaps a question that can be addressed within
the increasingly well understood pigmentation network.
RNAi suppression of Gug resulted in a dramatic loss of tergite
pigmentation. Gug has a SANT domain that resembles a DNA-
binding domain, for which direct DNA binding has not been
formally demonstrated (Wang and Tsai, 2008). Gug acts as a
necessary repressor of many developmental genes through physi-
cal interactions with transcription factors that include Eve, Hkb,
and Tll (Wang et al., 2006; Wehn and Campbell, 2006; Zhang et al.,
2002), where Gug recruits HDAC1 and HDAC2 through its ELM2
and SANT domains (Wang et al., 2008, 2006). While a prominent
role for Gug is to function as a transcriptional co-repressor, it was
classiﬁed as a trithorax gene, as it is required for some Hox gene
functions (Kankel et al., 2004).
The connection between chromatin remodeling complexes and
tergite pigmentation include the Drosophila nucleosome remodel-
ing and deacetylase (dNuRD) complex. In our study, suppression of
dMi-2 led to ectopic pigmentation on the male A4 tergite and the
female A5 and A6 tergites. dMi-2 functions as the ATPase subunit
which has been found to regulate gene expression through its
inclusion of both histone deacetylases and histone binding pro-
teins (Bouazoune and Brehm, 2006). The dMi-2 protein has several
noteworthy motifs in addition to the ATPase domain, including a
putative DNA-binding domain (Kehle et al., 1998). However, the
signiﬁcance of this latter domain and more speciﬁcally whether it
functions to bind DNA in a sequence-speciﬁc manner has not been
shown. dMi-2 can repress gene expression through several
mechanisms, including interactions with various transcription
factor proteins (Kehle et al., 1998; Murawsky et al., 2001) and
through the disruption of higher order chromatin structure by
destabilizing interactions between Cohesin and chromosomes
(Fasulo et al., 2012). dMi-2 is also part of an abundant binary
complex (called dMec) with dMEP-1, and this complex contributes
to the repression of proneural genes through a SUMOylation-
mediated mechanism (Kunert et al., 2009). dMi-2 function is not
universally repressive, as it has been found to be associated with
genes that are transcriptionally active (Murawska et al., 2011,
2008).
Abdominal pigmentation: a composite of pattern elements and
regulatory genes
The pattern of tergite pigmentation does not only consist of the
dimorphic A5 and A6 tergites, but rather is a composite of pattern
elements that include posterior stripes, dorsal pigmentation spots,
and the yellow coloration of the non-melanic tergite regions. Thus,
the regulatory structure of this network must include transcription
Table 2
Class II transcription factor DNA binding domains and Gene ontology terms.
Name (Synonym) DNA-binding domain (InterPro #) Gene ontology terms
bab1 DNA binding HTH domain, Psq-type (IPR007889) Sequence-speciﬁc DNA binding transcription factor activity/AT DNA binding
bab2 DNA binding HTH domain, Psq-type (IPR007889) Sequence-speciﬁc DNA binding transcription factor activity/AT DNA binding
crol Zinc ﬁnger, C2H2 (IPR007087) Nucleic acid binding/regulation of chromatin silencing
dsx DM DNA-binding (IPR001275) Sequence-speciﬁc DNA binding transcription factor activity/sex differentiation
Eip74EF (E74) Ets domain (IPR000418) / Winged helix-turn-helix
DNA-binding domain (IPR011991)
Sequence-speciﬁc DNA binding transcription factor activity
exd (Dpbx) Homeodomain (IPR001356) Sequence-speciﬁc DNA binding transcription factor activity/transcription factor complex
grh (NTF-1, Elf-1) CP2 transcription factor (IPR007604) Sequence-speciﬁc DNA binding transcription factor activity
hth (dtl) Homeobox KN domain (IPR008422) sequence-speciﬁc DNA binding transcription factor activity/transcription factor complex
lmd (minc, gﬂ) Zinc ﬁnger, C2H2 (IPR007087) sequence-speciﬁc DNA binding transcription factor activity
MBD-like (dMbD2/3) Methyl-CpG DNA binding (IPR001739) negative regulation of transcription, DNA-dependent/NuRD complex
Mi-2 (dMi-2) Chromo domain/shadow (IPR000953) chromatin binding/chromatin assembly or disassembly/NuRD complex
pdm3 POU domain (IPR013847) sequence-speciﬁc DNA binding transcription factor activity
vﬂ (zld) Zinc ﬁnger, C2H2 (IPR007087) transcription regulatory region sequence-speciﬁc DNA binding
DNA-binding domains were obtained from the InterPro: protein sequence analysis and classiﬁcation resource. Gene ontology terms were selected from FlyBase gene reports.
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factors that pattern these sub-elements. Consistent with this
expectation, posterior tergite pigmentation stripes were reduced
by RNAi for sbb, Gug, and osa, and widened by antagonizing pdm3
and vﬂ. Several genes were implicated in the patterning of midline
spots. Gug, Mad, and da were required for spot development,
whereas crol, lmd, MBD-like, pdm3, and hth were needed to limit
the spot size and number. RNAi targeting of transcription factor
genes, including Ssrp, dalao, MBD-R2, pita, and pnr disrupted
pigmentation along the dorsal midline, however these effects
seem to be a consequence of disrupted tergite formation. Lastly,
da, CG10348, grh, and Hr4were implicated in the overall coloration
of tergites, as their suppression resulted in alterations along the
entire dorsal-medial domain of RNAi transgene expression.
A network with male and female speciﬁc circuits
The patterns of expression (Fig. 10) and molecular activities of
Bab1, Bab2, and Abd-B appear sufﬁcient to explain the male-
speciﬁc pigmentation of the D. melanogaster A5 and A6 tergites.
Abd-B has pupal expression limited to the posterior most abdom-
inal segments (Kopp and Duncan, 2002; Wang and Yoder, 2012),
including A6 and A5 where it regulates the expression of the
pigmentation gene yellow (Jeong et al., 2006). Pupal Bab1 and
Bab2 expression occurs broadly in females compared to males
(Salomone et al., in press), and these factors are essential to a
female-speciﬁc circuit that suppresses tergite pigmentation (Kopp
et al., 2000). Although abd-A, exd, hth, and jing are required for
abdomen development, in recent years little progress has been
made as to how these genes contribute to tergite pigmentation.
We show that reduced expression of exd, and hth resulted in
ectopic pigmentation on the male A3 and A4 tergites. While HTH
is expressed broadly in the pupal abdomen like Abd-A (Fig. 10), the
occurrence of ectopic pigmentation demonstrates that the anterior
limitation of tergite pigmentation in males is under the control of
a male-speciﬁc circuit that prominently includes hth and exd.
The loss of male tergite pigmentation following the RNAi
targeting of abd-A showed that abd-A is necessary for A5 and A6
pigmentation. However, Abd-A is expressed in the A2–A4 seg-
ments (Fig. 3) that are covered by tergites which lack pigmenta-
tion comparable to the male A5 and A6 tergites. Thus, Abd-A and
Abd-B present a Hox code (Lewis, 1978) that overcomes the
repressive effects of HTH and EXD, for which the molecular
mechanism remains to be elucidated. One possibility is where
Abd-B acts to repress EXD expression in the A5 and A6 segments.
In the absence of EXD, the transcriptional regulatory function of
Abd-A may switch from repressive to activating or vice versa.
A second possible mechanism is where Abd-A and Abd-B bind to
the same CRE(s) and collaboratively regulate gene expression.
Here, regulation would be in an opposite manner than for Abd-
A, EXD, and HTH in the absence of Abd-B. Of the well studied
regulators of abdominal pigmentation, Abd-B has the most spa-
tially limited pattern of expression (Fig. 10). Thus, it might be
expected that many of the pigmentation phenotypes reported in
this study were caused by reducing the expression of genes that
modulate the domain and/or levels of Abd-B expression. These
possible mechanisms warrant future investigation.
Tracing the network structure through target gene CRE interactions
Within the D. melanogaster pigmentation network few direct
regulatory linkages are known. These include direct CRE interactions
between Abd-B and the yellow body element CRE (Jeong et al., 2006)
and both Abd-B and Dsx with the bab loci dimorphic element CRE
(Williams et al., 2008) (Fig. 1B). Repression of yellow (Jeong et al.,
2006) and presumably the tan gene expression is mediated by the
Bab proteins, but whether regulation is direct or indirect remains
unknown. Moreover, no direct regulators of ebony are known.
In order to elucidate the relative network position and regula-
tory association for 8 of these network transcription factor genes,
we evaluated the effects that their reduced expression had on the
regulatory activity of tan, ebony, and bab CREs (Figs. 7 and 8). For
8 of 8 genes, the regulatory activities of the tan and ebony CREs
where inversely altered, indicating that these transcription factors
function as upstream regulators of these pigmentation genes.
However, it remains unknown as to how these same factors direct
the inverse patterns of tan and ebony expression. Thus, an
important future direction is to identify the direct CRE targets
for these transcription factors and to reveal how the inverse
regulatory outcomes are encoded. For the bab CRE, only 4 of
8 genes altered the regulatory activity in a manner supporting an
upstream hierarchical role with this network. Interestingly, abd-A
has regulatory connections that promote and suppress pigmenta-
tion through reciprocal activation and repression of tan and ebony,
and through the regulation of bab.
When hth was targeted by RNAi, dimorphic element activity was
reduced, but this outcome was not observed for exd, suggesting that
hthmay function independently of exd to regulate bab. This exclusive
utilization of hth differed from the regulation of tan and ebony, where
both hth and exd play similar repressing (tan) or activating (ebony)
functions. Although reduced sbb and Mi-2 expression resulted in a
loss and gain of female A6 pigmentation respectively, no correspond-
ing alteration in the female speciﬁc activity of the bab CRE was
observed in either condition. These outcomes suggest that sbb and
Mi-2 are either downstream of bab or act as an independent
regulatory circuit. Collectively, these complex regulatory outcomes
underscore the need to map the actual direct binding events
between these transcription factors and their network CRE targets.
Understanding morphological diversity through gene network
evolution
A priori, several types of genetic changes could underlie
pigmentation evolution. These include gene duplication and diver-
gence events, the evolution of novel protein activities, and the
evolution of novel gene expression patterns. Based upon the
frequency and pleiotropic effects of these types of mutations,
and the outcomes of their effects, it has been reasoned that
changes in gene expression by CRE mutations will be the pre-
dominant driver of morphological evolution (Carroll, 2008; Stern,
2000), an outcome that has been well supported for fruit ﬂy
abdominal pigmentation traits (Jeong et al., 2008, 2006; Rebeiz
et al., 2009a, 2009b; Rogers et al., 2013; Williams et al., 2008). For
cases of morphological evolution, it remains unclear whether CRE
modiﬁcations preferentially target certain nodes within a network
Fig. 10. Summarizing representation of expression patterns for key patterning
transcription factors. Parasegments/segments are listed with the anterior PS6/T3 at
the top and progressing to the posterior PS13/A8 at the bottom. High levels of
expression are represented by black rectangles, whereas relatively lower levels are
represented with gray shading. Abd-B expression steadily declines from segment
A7 through the A5 segment, and expression of Bab in the male A2–A4 segments is
reduced compared to the levels observed in females. Ubx, Abd-A, and Abd-B were
presented in Kopp, A., Duncan, I., 2002; Bab1 and Bab2 in Salomone et al., in press;
and HTH is unpublished data (Grover and Williams).
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and whether nodes of change differ at differing taxonomic scales
of comparison (Gompel and Prud’homme, 2009; Kopp, 2009;
Martin and Orgogozo, 2013; Stern and Orgogozo, 2009; Stern,
2010).
It is possible that mutations primarily occur in the CREs of
pigmentation genes, so called cis-regulatory evolution, to establish
or break connections with transcription factors that are expressed
in the relevant cells making up a conserved trans-regulatory
landscape (Gompel et al., 2005). Alternatively, mutations might
frequently occur in CREs regulating the expression of transcription
factor genes, which thereby alter the landscape of transcription
factors. trans-regulatory landscape alterations are predicted to
generate many more downstream changes in expression, or
ripple-effects through the network. Through a robust understand-
ing of the D. melanogaster pigmentation network, it becomes more
manageable to test such hypotheses about the nature of network
evolution. For example, the number of pigmented tergites differs
between D. melanogaster, D. prostipennis, and D. baimaii (Fig. 1A).
Hence, these species provide a model comparison to determine
whether this morphological shift in pigmentation was due to
changes in the binding site content of pigmentation gene CREs
or through modiﬁcations in the expression patterns for certain
network transcription factor genes. Among fruit ﬂy species the
male-speciﬁc phenotype of D. funebris is thought to be convergent
(Gompel and Carroll, 2003). Thus, comparing and contrasting this
species network structure to that of D. melanogaster offers an
opportunity to see the extent to which convergent networks are
similarly wired.
Many other cases of fruit ﬂy tergite pigmentation evolution are
known and many more will be identiﬁed. These include differ-
ences between populations, closely-related species, and distantly-
related species. Resolving the gene network bases for these
differences will provide insights as to whether certain nodes are
recurrently targeted. This expanded knowledge of the D. melano-
gaster network presented here offers many candidate loci that
might have contributed to the divergence of this ever-changing
morphological characteristic.
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